I
ridoviridae family members are large (120 to 200 nm), doublestranded DNA (dsDNA) viruses that are both circularly permutated and terminally redundant. The genomic size of members of the family Iridoviridae ranges from 105,903 to 212,482 bases in length. The Iridoviridae family consists of five genera, Iridovirus, Chloroiridovirus, Megalocytivirus, Lymphocystivirus, and Ranavirus. Frog virus 3 (FV3) is the type species for the Ranavirus genus, was originally isolated from a renal tumor of a leopard frog (Rana pipiens), and was later discovered to primarily infect the kidneys of tadpoles and adult frogs (1, 2) . FV3 is found worldwide and has been reported to cause mortality rates as high as 90% in American bullfrog populations (3, 4) . FV3, like all other iridoviruses, contains a set of 26 conserved genes involved in essential viral functions, such as DNA replication and transcriptional regulation (5) . The FV3 genome also contains a variety of genes involved in virus-host interactions. Specifically, FV3 contains several genes that may act to manipulate the host immune response in order to enhance replication in the host.
For example, open reading frame (ORF) 64R contains both a caspase recruitment domain (CARD) and a DEATH domain-like motif, and ORF 97R, which has similarity to a B-cell lymphoma 2 (Bcl-2)-like protein, putatively plays roles in apoptosis (2) .
Apoptosis is a complex biochemical process that results in the death of a cell. Many viruses inhibit, delay, or promote apoptosis (6) . Viruses in the Iridoviridae, including FV3, cause apoptosis upon infection (7) (8) (9) (10) (11) . FV3-infected fathead minnow (FHM) cells showed signs of DNA fragmentation at 6 to 7 h postinfection (7) . It was further shown that the use of caspase inhibitors blocked FV3-induced apoptosis, indicating that the apoptotic trigger involves a caspase cascade (7) . The induction of apoptosis following FV3 infection was suggested to be the result of a block in cellular translation (7) .
Apoptosis is generally mediated by mitochondrial regulation of the Bcl-2 family of proteins, which direct both the induction and inhibition of apoptosis and operate between the mitochondrion and the endoplasmic reticulum (ER) (12) (13) (14) . Each member of the Bcl-2 family contains a Bcl-2 homology (BH) domain, and there are four BH domains in total, BH1, BH2, BH3, and BH4. Bcl-2 family members containing all BH domains (BH1 to BH4) are antiapoptotic, while proteins with domains BH1 to BH3 are proapoptotic (15) . Many Bcl-2 family members contain only a BH3 domain (13) . Almost all of the Bcl-2 family members also contain a tail anchor, which is a C-terminal transmembrane domain that mediates specific membrane targeting (13) . The BH domains and transmembrane domains are used as binding sites for homo-and heterodimerization with other Bcl-2 proteins (6, 15, 16) .
Each of the BH domains can act independently as binding sites for the Bcl-2 family. The BH1 and BH2 domains are the bestconserved domains and are known as death repressor domains. The BH1 and BH2 domains are pivotal in the antiapoptotic abilities of the Bcl-2 and Bcl-XL proteins (17) . Bcl family members that possess only a BH3 domain are proapoptotic and act in either extrinsic or intrinsic pathways (13) . The BH3 domain is a deathpromoting domain, consisting of a 16-amino-acid alpha helix (14, 15) . The BH3 domain is a key regulator of the homo-and heterodimerization interactions between all Bcl-2 family members (18) . The BH4 domain is found only in antiapoptotic Bcl-2 proteins and thus mainly functions as a death repressor domain (19, 20) . Deletion of the BH4 domain in antiapoptotic Bcl-2 proteins resulted in the loss of their ability to inhibit apoptosis, but these mutants were still able to form homo-and heterodimers. It has recently been established that the stress response of the ER may also play a role in apoptosis (21) . The ER stress response may be the result of heat or radiation exposure or fluctuating Ca 2ϩ levels or, more likely, is caused by a rapid influx of unfolded, misfolded, or mutated proteins (14, 21, 22) . If the ER cannot correct the problem of an influx of unfolded, misfolded, or mutated proteins, the unfolded protein response (UPR) is triggered (21) . The UPR primarily restores the homeostasis of the ER, but if this is not possible, apoptosis is triggered (23, 24) . The UPR is triggered when Bcl-2 family members Bak and Bax activate IRE1, a protein that mediates the activation of membrane-bound GRP78 (17) . The activation of GRP78 ultimately leads to the upregulation of production of CCAAT-enhanced-binding protein (CHOP), which downregulates Bcl-2 proteins in the mitochondria (25) . The downregulation of Bcl-2 causes the release of cytochrome c, which eventually leads to apoptosis (26, 27) .
The Bcl-2 family of proteins also functions in other aspects of the ER stress response (15) . For example, the Bcl-2 family maintains ER homeostasis through regulation of Ca 2ϩ levels. Bcl-2 and Bcl-XL are key modulators of Ca 2ϩ channels of the ER (14) . Bcl-2 and Bcl-XL prevent the release of Ca 2ϩ from the ER by binding to the inositol 1,4,5-trisphosphate receptor (IP 3 R) Ca 2ϩ channel via their BH4 domains (14, 28) . However, when ER stress is triggered, BH3-containing Bcl-2 family members, which either reside in the ER (Bik) or translocate to the ER from the cytoplasm (Bim and Bax), inhibit the activity of Bcl-2 and Bcl-XL to regulate Ca 2ϩ channels (17) . This results in the release of Ca 2ϩ into the cytoplasm, causing a cascade leading to apoptosis (17, 26) .
FV3 ORF 97R encodes a 137-amino-acid protein and contains 2 potential BH domains. ORF 97R displays early and late expression (29) . It is not known if this is a technical anomaly or if it reflects the reactivation of gene expression at late times after infection or the use of alternate promoters (29) . ORF 97R was reported to share 36% sequence similarity with myeloid cell leukemia-1 (Mcl-1) protein (2) . The sequence similarity between 97R and Mcl-1 is most highly conserved within the BH1 domain. Additionally, the 97R C terminus contains hydrophobic amino acids, characteristic of a C-terminal transmembrane domain, which many Bcl-2 family members possess. It is possible that 97R may interact with apoptotic machinery, due to its sequence similarity to Mcl-1, its BH1 domain, and its potential C-terminal transmembrane domain. In order to begin to characterize 97R, its expression and how it changes over time were investigated. Furthermore, 97R deletion and truncation mutants with mutations in the BH1 domain and C-terminal transmembrane domain were examined to determine their role in 97R localization.
MATERIALS AND METHODS
Cell lines and reagents. The baby green monkey kidney (BGMK), human embryonic kidney 293T (HEK293T), bluegill fry 2 (BF2), and FHM cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA). Both BGMK and HEK293T cells were cultured with Dulbecco's modified Eagle's medium (DMEM; Thermo Scientific, Logan, UT) with 7% fetal bovine serum (FBS; Thermo Scientific, Logan, UT) (BGMK cells) or 10% FBS (HEK 293T cells), 2 mM L-glutamine, and 100 U/ml penicillin and were maintained at 37°C with 5% CO 2 . BF2 cells were cultured with Eagle's minimum essential medium (EMEM; Thermo Scientific) with Earle's balanced salts including 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 5 mM nonessential amino acids, 5 mM sodium pyruvate, and 5 mM amphotericin B and were maintained at 26°C with 5% CO 2 . FHM cells were cultured in EMEM with 10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin, and 10% amphotericin B, and cells were maintained at 30°C. All cells were maintained in closed culture flasks (Sarstedt, Montreal, QC, Canada).
Isolation of viral DNA. FHM cells were grown to 80% confluence and were infected with FV3 VR-567 (ATCC) at a multiplicity of infection (MOI) of 0.1. The infection was allowed to progress until cytopathic effects (CPEs) were observed. Cells were then harvested, resuspended in 1 ml phosphate-buffered saline (PBS), and freeze-thawed three times at Ϫ80°C. An equal volume of phenol-chloroform was added, and the aqueous phase was transferred to a fresh tube containing 10% (vol/vol) 5 M sodium acetate and 200% (vol/vol) ethanol (96%). The mixture was left for 15 min on ice, followed by centrifugation at 10,000 ϫ g for 10 min; the pellet was then air dried and resuspended in PBS.
Codon optimization. ORF 97R was codon optimized by GenScript (Piscataway, NJ) and cloned into plasmid pDREAM2.1 with an N-terminal FLAG tag (GenScript).
PCR. PCR mixtures contained 100 ng of viral DNA, 10 M forward and reverse primers, 1ϫ PCR buffer (Invitrogen, Burlington, ON, Canada), 2.5 mM MgCl 2 (Invitrogen), 2.5 mM deoxynucleoside triphosphates (Sigma-Aldrich, Oakville, ON, Canada), and 2.5 U Taq DNA polymerase (5 U/l; Invitrogen). The reaction was cycled using the cycling conditions 94°C for 30 s, 52°C for 1 min, and 72°C for 1 min 30 s for 30 cycles.
Cloning. PCR products were cloned using a pTARGET mammalian expression vector system (Promega, Madison, WI). In a 0.6-ml tube, 3 l of double-distilled H 2 O (ddH 2 O), 1 l 10ϫ T4 DNA ligase buffer, 4 l (4 ng/l) PCR product, 1 l (60 ng/l) pTARGET vector, and 1 l T4 DNA ligase were mixed and placed at 4°C overnight.
Vector construction for 64-97R and 97R BH mutant proteins. Mutant proteins 64-97R and 97R BH (97R BH mut) were synthesized by GenScript. A myc tag was added to 64-97R using 10 ng of DNA and the following primers: 5=-ATGGAACAGAAACTGATTAGCG-3= (64-97R forward), 5=-TCAGTAGAACAGCAGAGACAG-3= (64-97R and 97R BH mut reverse), and 5=-ATGCTGGTTTTTGATTAAACGCCT-3= (97R BH mut forward). The PCR product was cloned using the pTARGET mammalian expression vector system (Promega) as per the manufacturer's protocol.
TUNEL assay. A Click-it terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) Alexa Fluor 488 kit (Invitrogen) was used to detect DNA fragmentation in samples that were transfected with 97R. The cells were fixed, stained, and analyzed using a confocal microscope.
Transformation. In a 15-ml culture tube, 2 l of the ligated pTarget reaction mixture was mixed with 75 l of Escherichia coli DH5␣ (Invitrogen) and placed on ice for 1 h, and samples were heat shocked for 1 min at 42°C and placed on ice for 2 min. Five hundred microliters of LB broth (10 g tryptone, 10 g NaCl, 5 g yeast extract, 1 liter ddH 2 O) was added, and the mixture was then incubated at 37°C for 1 h. Two hundred fifty microliters of the transformation mixture was plated on plates containing ampicillin (20 g/ml) with blue/white selection (4 l of 0. Midiprep. Bacterial colonies were grown in 3 ml LB broth and 100 g/ml of ampicillin (Sigma-Aldrich, Oakville, ON, Canada) with shaking at 250 rpm and 37°C for 6 h. Three-milliliter cultures were transferred to larger flasks containing 50 ml LB broth with 100 g/ml of ampicillin and shaken at 250 rpm at 37°C overnight. Midipreps were performed as described by Sambrook and Russell (30) . Five microliters of sample was mixed with 5 l of ddH 2 O, 2 l loading dye and loaded on a 1% agarose gel. DNA bands were visualized on a UV illuminator.
Transfection. BGMK, HEK293T, RT-gill, and BF2 cells were grown to 60 to 70% confluence in 6-well plates with coverslips. In a sterile, 1.5-ml centrifuge tube, 200 l of serum-free DMEM (Thermo Scientific), 20 l of 50 mg/l polyethylenimine (PEI; Fisher Scientific, Ottawa, ON, Canada), and 4 l of 10 g/l plasmid DNA were mixed and left to incubate at room temperature for 15 min. Transfection complexes were then added to the cells with 1 ml fresh medium.
Immunofluorescence. Cells in 6-well plates with coverslips were washed twice with fresh PBS for 2-min intervals. PBS was removed and replaced with 1 ml 3.7% paraformaldehyde (0.444 g paraformaldehyde, 12 ml PBS, 3 l 10 N NaOH) for 10 min. Cells were washed with PBS twice for 2-min intervals. The PBS was removed and replaced with 1 ml of 0.1 M Triton X-100 for 5 min. Cells were washed with fresh PBS twice for 2-min intervals, and the PBS was replaced with 2 ml block buffer (5% bovine serum albumin [BSA], 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% NP-40) for 1.5 h at room temperature. Cells were washed three times with fresh wash buffer (1% BSA, 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% NP-40) for 3-min intervals. The wash buffer was removed. Then, 100 l of 1 mg/ml anti-FLAG M2 mouse primary antibody (diluted 1/500 in wash buffer; Sigma-Aldrich, Oakville, ON, Canada) was added to detect the FLAG tag in 97R and/or 200 g/ml anti-protein disulfide isomerase (anti-PDI; an ER lumen marker) H-160 rabbit antibody (diluted 1/100 in wash buffer; Santa Cruz, Santa Cruz, CA), 200 g/ml anti-Syne-1 (outer nuclear membrane marker) H-100 rabbit antibody (diluted 1/100 in wash buffer; Santa Cruz), 200 g/ml anti-Nopp140 (nucleolus protein marker) H-80 rabbit antibody (diluted 1/100 in wash buffer; Santa Cruz), or 200 g/ml anticalnexin (ER integral marker) H-70 rabbit antibody (diluted 1/50 in wash buffer; Santa Cruz) was added to each coverslip for 1 h at room temperature. The antibody solution was removed, and cells were washed three times with fresh wash buffer for 3-min intervals. The wash buffer was removed, and 100 l of secondary antibody, fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin G (diluted 1/100 in wash buffer; Santa Cruz) and/or Cy3-conjugated goat anti-rabbit immunoglobulin G (diluted 1/200 in wash buffer; Santa Cruz), was added to each coverslip for 30 min at room temperature. The antibody solutions were removed, and cells were washed three times with fresh wash buffer for 3-min intervals. The wash buffer was removed, and 100 l of nuclear and nucleolar stains, 1 mM TO-PRO-3 iodide (diluted 1/2,000 in wash buffer; Invitrogen) and/or SYTO 17 (diluted 1/5,000 in wash buffer; Invitrogen), was added directly to the coverslips and left for 15 min at room temperature. The antibody solution was removed and replaced with 1 ml PBS for 5 min. PBS was removed, and the cells were washed with fresh PBS twice for 2-min intervals. Coverslips were removed from the plate, mounted onto slides with Vectashield mounting medium with DAPI (4=,6-diamidino-2-phenylindole; Vector Laboratories, Burlington, ON, Canada), and sealed with clear nail polish. Immunofluorescence was detected using a Leica DM IRE2 fluorescence microscope (Leica, Concord, ON, Canada). Images were assembled using Adobe Photoshop CS4 software.
RESULTS

97R localizes to the ER and modifies the ER membrane.
To begin the characterization, ORF 97R was codon optimized to induce adequate expression in primate cell lines. We transfected a plasmid expressing 97R into BGMK cells to determine the site of intracellular accumulation. At 25 h posttransfection, indirect immunofluorescence was performed and 97R was found to colocalize with the ER marker calnexin (Fig. 1A) . Interestingly, at 25 h posttransfection, 97R was present in the ER; however, at 46 h, expression of 97R was observed in intranuclear structures (Fig.  1A ), which were connected by a thin stalk to the ER/nuclear membrane (Fig. 1B) . These intranuclear structures also stained positive for calnexin (Fig. 1A) , suggesting that they were continuous with the ER and nuclear membrane. These data suggest that 97R initially localizes to the ER and over time induces invagination of the ER membrane into the nucleus.
To confirm that the expression of 97R to the ER and the induced invaginations were not cell type specific, 97R was transiently transfected into HEK293T (human), RT-gill (fish), and BF2 (fish) cell lines. At 46 h posttransfection, 97R expression altered the ER membrane and caused nuclear invaginations in all three cell lines (Fig. 1C) . These data suggest that 97R induces the invagination of the nuclear membrane in a variety of cell fected with 97R, and at 44 and 46 h posttransfection the cells were fixed and stained for 97R (anti-FLAG, red) and a TUNEL assay was performed. Differential interference contrast (DIC) was used to visualize the cells' nuclei, and images were captured using a laser scanning confocal microscope.
FIG 4 97R-induced invaginations contain the ER and the outer nuclear membrane. BGMK cells were transiently transfected with 97R for 24 h (A) or 48 h (B).
Indirect immunofluorescence was used to detect expression of 97R (anti-FLAG; green), the ER membrane (anticalnexin), ER lumen (anti-PDI), nucleolar chaperone protein (anti-Nopp140), outer nuclear membrane (anti-Syne-1), nucleoli (SYTO 17), and nucleus (TO-PRO; blue). Images were captured using a laser scanning confocal microscope.
lines, including fish cell lines, a natural host of FV3, but it appears that the extent of invaginations differs according to cell type.
97R expression alters the ER membrane over time and is related to apoptosis. To determine the kinetics of the formation of the 97R-induced invaginations, we transfected 97R into BGMK cells and at 24, 35, 40, 44, 46, 48, 50 , and 56 h posttransfection we examined 97R expression. At 24 h posttransfection, 97R localized to the ER (Fig. 2) . At 35 and 40 h posttransfection, we began to observe 97R expression in the ER, as well as the development of pockets of 97R expression continuous with the nuclear membrane, which continued to stain positive for calnexin (Fig. 2) . At between 44 and 48 h posttransfection 97R expression invaginated into the nucleus, at 50 h posttransfection the cell began to reduce in size (Fig. 2) , and at 56 h posttransfection the levels of 97R expression appeared to decrease. 97R expression was rarely observed past 68 h posttransfection, and no 97R expression was detected by 72 h posttransfection (results not shown).
A TUNEL assay was performed to determine if the apparent deterioration of the cell at 50 h posttransfection and later was due to the induction of apoptosis by 97R. We transfected 97R into BGMK cells and examined the induction of apoptosis at a variety of time points posttransfection. At 44 h and earlier times posttransfection, we did not observe a positive signal from the TUNEL assay kit ( Fig. 3 ; data not shown), suggesting that induction of apoptosis had not occurred. However, at time points beginning at 46 h and later, we observed positive TUNEL assay staining ( Fig. 3 ; data not shown), suggesting that at later time points, apoptosis induction was occurring in the presence of 97R. 97R-induced invaginations colocalize with the ER and outer nuclear membrane. To gain a greater understanding of the membranes that are invaginating into the nucleus, we transfected 97R into BGMK cells and examined a variety of ER and nuclear membrane markers at 24 h (Fig. 4A ) and 48 h (Fig. 4B) posttransfection. 97R colocalized with ER luminal PDI (16) and Syne-1, which localized to the outer nuclear membrane (Fig. 4) (28) . In addition, 97R colocalized with the ER integral protein calnexin (Fig. 4) . These data suggest that both luminal and integral proteins of the ER, as well as the outer nuclear membrane, appear to invaginate into the nucleoplasm.
To determine whether these invaginations interacted with the nucleolus, two nucleolar markers, Nopp140 and SYTO 17, were used at 24 and 48 h posttransfection (Fig. 4) . We did not observe any colocalization between the 97R-induced invaginations and the nucleolus. This suggests that 97R-induced invaginations are not interacting with the nucleolus (Fig. 4) .
The C terminus of 97R is responsible for the ER localization. To determine whether localization of 97R to the ER was the result of a potential C-terminal transmembrane domain, a series of Cterminal deletion mutants was created. A transmembrane domain usually comprises highly hydrophobic amino acid stretches (31) . According to the hydrophobic content, the longest potential transmembrane domain in 97R is between residues 104 and 137 (97R⌬33) (Fig. 5A) , while the shortest potential transmembrane domain is between residues 125 and 137 (97R⌬12) (Fig. 5A) . Three deletion mutants were constructed and transfected into BGMK cells, and at 24 h posttransfection, 97R⌬33 was found to localize to the cytoplasm and nucleoplasm, while 97R⌬29 localized to the cytoplasm alone ( Fig. 5B and C) . In contrast, 97R⌬12 localized to the ER, but no invaginations of the ER were observed even at 48 h posttransfection (Fig. 5B and C) . These data suggest that 97R's highly hydrophobic C-terminal transmembrane domain composed of 29 amino acids is required for localization of 97R to the ER and the C-terminal 12 amino acids are necessary for nuclear invaginations.
Since BH domains mediate binding to other proteins, we wanted to explore whether the BH domains of 97R were also responsible for targeting to the ER. The mutations on the BH domain of 97R were designed on the basis of the data obtained from Clohessy et al. (32) . They found that mutations at the Mcl-1 BH1 (G55E) and BH2 (W104A) domains resulted in failure to interact with the glutathione S-transferase-tBid death receptor. Since 97R has similarity to the BH domains of Mcl-1, we mutated the BH domains of 97R to contain the corresponding Mcl-1-inactivating mutations (97R BH mut) (Fig. 5A ) and transfected the construct into BGMK cells. 97R BH mut localized to the ER membrane; however, no nuclear invaginations were observed at either the 24-or 48-h-posttransfection time point of expression ( Fig. 5B and C) . Although the BH domains of 97R are not responsible for the localization to the ER, they may be required for the formation of the nuclear invaginations.
The C terminus of 97R is necessary and sufficient for ER targeting and nuclear invagination. To investigate whether the C terminus of 97R was sufficient for ER localization, the 33-aminoacid sequence from the C terminus of 97R was inserted at the C terminus of the FV3 gene 64R (Fig. 6A) , which normally localizes to the cytoplasm (Fig. 6B ). This hybrid protein was named 64-97R (Fig. 6A) . At 24 to 42 h posttransfection, 64-97R exhibited typical ER localization (Fig. 6C) . However, at 46 h we began to observe the formation of nuclear invaginations (Fig. 6C) . Finally, at 50 h postinfection the cells displayed a cytopathic effect similar to that seen in cells transfected with a full-length 97R expression vector (Fig. 6C) . These data support the role of 97R's hydrophobic C-terminal transmembrane domain in localization to the ER and in the formation of nuclear invaginations. 
DISCUSSION
Our results demonstrate that FV3 ORF 97R localizes to the ER membrane, where it alters the membrane conformation over time ( Fig. 1 to 3 ). 97R expression causes the invagination of the ER and outer nuclear membrane into the nucleus (Fig. 4) . Additionally, it was determined that the C terminus of 97R is necessary and sufficient for localization to the ER membrane and induction of nuclear invaginations.
Nuclear invaginations have previously been reported. The nuclear envelope can contain convolutions, including a deep, branching invagination named the nucleoplasmic reticulum (NR), which has been reported in a variety of normal and abnormal cells; moreover, the nucleoplasmic reticulum is abundant in many tumor cell types (33, 34) . The nucleoplasmic reticulum is neither restricted to a specific cell or tissue nor dependent on a specific developmental stage (35) . Furthermore, the nucleoplasmic reticulum morphology is altered in some pathologies, suggesting that their regulatory mechanisms are susceptible to pathological dysregulation (8, 34) . In addition, nuclear invaginations were induced through the overexpression of transfected nucleolar chaperone protein Nopp140 (R rings) (36) as well as a truncated mutant of fibroblast growth factor receptor 4 (FGFR4), in which removal of 300 amino acids from its intracellular portion and 285 amino acids from its extracellular portion was also able to alter the nuclear membrane (37) . Nuclear invaginations caused by these proteins were found to contain ER and the inner nuclear membrane, but there was no evidence of outer nuclear membrane complexes (37, 38) . These studies proposed that the structures were the result of the invagination of the ER and the inner nuclear membrane but not the outer nuclear membrane (36, 37) . The nuclear invaginations were postulated to derive from Nopp140 and truncated FGFR4 amino acid residues interacting with the ER and inner nuclear membrane. It was established that Nopp140 and truncated FGFR4 contained rich clusters of arginine and serine residues, which were found to be required for the formation of nuclear invaginations (36, 37) . Additionally, it was also found that the serine residues on both Nopp140 and truncated FGFR4 required phosphorylation to form the nuclear invaginations (37) .
In contrast, invaginations of 97R possess outer nuclear membrane proteins, as observed by colocalization with Syne-1. In addition, 97R lacks clusters of serine or arginine residues, which have been shown in other studies to be essential for the formation of nuclear invaginations. We speculate that 97R causes the ER and the outer and inner nuclear membranes to invaginate into the nucleoplasm (Fig. 7) as a result of 97R interacting with itself or another unknown protein. However, we have shown that the Cterminal 33 amino acids of 97R are necessary and sufficient for the formation of the nuclear invaginations.
To determine if the localization of 97R to the ER was a result of its potential C-terminal transmembrane domain, several deletion mutants were created. It was determined that 29 residues of the C terminus are required for 97R localization to the ER, suggesting that it is possible that 97R's transmembrane domain is a tail anchor. It was also demonstrated that the addition of 33 residues of the C terminus of 97R to 64R could change the localization of 64R from the cytoplasm to the ER. These data together provide evidence that the C terminus of 97R is necessary and sufficient for ER targeting and nuclear invaginations. Proteins with short, hydrophobic tail anchors may be retained specifically to the ER, while proteins with longer, hydrophilic tail anchors may travel to the mitochondria (24, 39) . Tail anchors do not contain upstream signaling sequences, allowing the N terminus of proteins to remain exposed to the cytosol and the C terminus of proteins to remain anchored to a membrane (24, 39) . To determine if the BH1 domain was also responsible for targeting 97R to the ER, a deletion mutant was created. 97R's BH1 deletion mutant localized to the ER, suggesting that the BH1 domain is not responsible for 97R's localization to the ER. We speculate that the BH1 domain may be responsible for the formation of 97R's invaginations by acting as a binding site for protein-protein interactions.
In this study, we have determined that 97R localizes to the ER. Over time, 97R expression alters the ER membrane by inducing invaginations of the ER and the outer nuclear membrane into the nucleoplasm. Nuclear invaginations are a relatively rare phenomenon, and the 97R-induced invaginations are distinct from the invaginations previously characterized in other systems. Although this study did not explore the role of 97R in a viral infection, future work will define the role that 97R plays in a viral infection. Understanding the role of nuclear invaginations in an FV3 infection will be complicated by the fact that FV3 induces apoptosis, including DNA fragmentation (7) as well as fragmentation of the nucleus late in infection (data not shown). Thus, there are significant alterations happening to the nucleus in an FV3 infection, and it will be challenging to differentiate those events triggered by apoptotic responses versus those induced by 97R.
It is important to note that the nuclear invagination induced by 97R may point to unique viral perturbation happening in the cell. It is possible that other viral proteins in other systems may induce similar morphological changes in the cell. Future studies could further characterize the formation of the nuclear invaginations ( Fig. 7) and investigate possible 97R homo-or heterotypic interactions, which may be critical in understanding 97R's function in an FV3 infection.
